Abstract. We describe reproductive characteristics of Golden Eagles (Aquila chrysaetos) breeding in Denali National Park, Alaska during an entire snowshoe hare (Lepus americanus) cycle, 1988-1997. Data on nesting eagles were collected at 58 to 72 nesting areas annually using two aerial surveys. Surveys were conducted during the incubation period to determine occupancy and nesting activities and late in the nestling period to count nestlings and determine nesting success. Annual occupancy rates of nesting areas did not vary significantly, whereas laying rates, success rates, and mean brood size varied significantly over the study period. Fledgling production for the study population varied sevenfold during the ten-year period. Laying rates, mean brood size, and overall population productivity were significantly correlated with abundance of cyclic snowshoe hare and Willow Ptarmigan
INTRODUCTION
Our current understanding of reproductive performance of Golden Eagles (Aquila chry.saetos) in North America is largely based upon studies from resident populations in temperate latitudes (Palmer 1988 , Steenhof et al. 1997 , Watson 1997 . However, breeding populations in northem North American are migratory, spending 2 5 months migrating to, wintering in, and retuming from temperate latitudes thousands of kilometers from their nesting areas (Gabrielson and Lincoln 1959 , Palmer 1988 , Brodeur et al. 1996 . This life history strategy is common among birds breeding at northern latitudes and entails high energy demands for migration immediately before annual reproductive efforts. Furthermore, Golden Eagles arrive at their northern breeding areas in late winter when abundance and diversity of their prey is at its lowest annual level. Therefore, productivity of northern populations of Golden Eagles could be markedly lower than their temperate counterparts.
Few studies have examined the reproductive characteristics of Golden Eagles at high latitudes in North America. Northern breeding populations of Golden Eagles are migratory. Many of these breeding populations depend on cyclic prey and have few alternate prey sources early in the nesting season. Therefore, we hypothesized that productivity of these populations would be lower than that of Golden Eagles nesting in temperate latitudes.
In this paper we describe the reproductive characteristics and evaluate relationships between reproductive components and abundance of cyclic prey of a northern, migratory Golden Eagle population that nests in Denali National Park, Alaska. We also compare reproductive characteristics of Denali' s Golden Eagles with characteristics of the species in more southerly latitudes in North America.
METHODS

STUDY AREA
The 1,800~km* study area (centered at 63"35' N, 149"3O' W) is in Denali National Park on the north side of the Alaska Range in interior Alaska. Most of the study area is within a federally designated Wilderness Area and an intemationally recognized World Biosphere Reserve. Human activities occur primarily in stmuner and are concentrated along a gravel road that traverses the study area.
Mountains, broad glacial river valleys, low rolling tundra, and upland areas dominate the study area landscape. Elevations in the study area range from 350 m to 2,500 m above sea level. Most of the study area is above treeline (800 m) and is bounded on the south by the Alaska Range, on the north by the northern slope of foothills of the Alaska Range, on the east by the Nenana River, and on the west by Boundary and Glacier Creeks. Mountains to the south exceed 2,500 m in height and are permanently snow and ice covered. Sheldon (1930) , Dixon (1938) , and Murie (1944 Murie ( , 1963 provide detailed descriptions of the vegetation and geology of the study area.
The region has a subarctic montane climate with temperatures ranging from -47°C to 32°C. Average annual precipitation is 38 cm, including about 200 cm of snowfall. During 1988 to 1997, snow cover persisted at lower elevations from mid-September through mid-May, an average of 210 days (National Park Service, unpubl. data). Steenhof (1987) to describe occupancy and activities at nesting areas. An area where at least one nest was found and where no more than one pair of Golden Eagles nested in one year was considered a nesting area. Nests were assigned to unique nesting areas based on their history of use and location. A nesting area was considered occupied if a territorial pair or evidence of a territorial pair (such as an incubating bird, nest construction, or nest maintenance) was observed, otherwise the area was deemed unoccupied.
Breeding pairs of Golden Eagles return to
A territorial pair of Golden Eagles that laid eggs was termed a laying pair (Steenhof et al. 1997 ). Because we did not flush birds off nests to count eggs, we presumed that incubating birds had eggs. Nestlings that reached 51 days-of-age (or 80% of the mean age at first flight) were considered fledglings (Steenhof 1987) . Laying pairs that produced 2 one fledgling were considered successful pairs.
SURVEYS
We surveyed the study area twice annually by helicopter to find territorial and laying pairs of Golden Eagles and to count fledglings. Addi-tional observations were conducted by dogsled in March and on foot throughout the nesting season to supplement aerial surveys.
During the first aerial survey each year we attempted to check all previously known nests within each nesting area to determine occupancy and describe nesting activities. We also searched for new nests and nesting areas. These surveys were conducted on two to five consecutive days in late April and early May. Most clutches were completed at this time and hatching had not yet occurred. Nesting areas not classified as occupied during this survey were revisited at least twice during the nesting season to confirm their status.
The second annual survey was conducted on one day in late July or early August to count fledglings and document nesting success. By this time of year most nestlings were > 51 days old, but few had fledged. At nests where fledging occurred before the second survey, we landed the helicopter and made observations to locate and count fledglings.
All aerial surveys were flown at 30-40 km hr' ; we periodically hovered to observe nest contents. A minimum distance of at least 65 m was maintained between the helicopter and nest structures during all aerial surveys. We landed and made observations from vantage points on the ground when we could not determine occupancy or nesting activities from the helicopter. We used binoculars (10 X 40) during all aerial surveys, and binoculars and spotting scopes (15-45X) during ground observations. We followed recommendations made by Fyfe and Olendorff (1976) to avoid disturbing adults and nestlings during field activities.
We report annual reproductive performance of Golden Eagles in Denali using four components: (1) occupancy rate, as the proportion of nesting areas surveyed that were occupied by territorial pairs, (2) laying rate, as the proportion of territorial pairs that laid eggs, (3) success rate, as the proportion of laying pairs that produced 2 1 fledgling, and (4) mean brood size, as the average brood size for successful pairs. We report population productivity as the mean number of fledglings produced annually per territorial pair.
INDEX OF PREY ABUNDANCE
We attempted to obtain indices of population change of snowshoe hare and Willow Ptarmigan on a broad scale by recording the number of each species observed annually during routine field activities. Similar data on black-tailed jackrabbits (L.epus californicus) in Idaho provided results comparable to abundance estimates from spotlighting transects (Steenhof et al. 1997 ). Annual indices of abundance for snowshoe hare and Willow Ptarmigan were highly correlated in our study (R2 = 0.94, n = 10 years, P < 0.001; Fig. 1A) . Therefore, we used mean number of snowshoe hares observed per field day as our index of prey abundance. Results and conclusions were identical when Willow Ptarmigan or combinations of these prey species were used in the analyses. 
RESULTS
We monitored 56 to 72 nesting areas annually ( Table 2 ). The number of known nesting areas increased from 56 in 1988 to 72 in 1997. We attributed this to our increased familiarity with the study area and not to an increase in nesting areas in the study area. Although we attempted to survey all known nesting areas each year, weather conditions during the first aerial survey in 1993, 1994, and 1995 prohibited us from making observations at four nesting areas. Occupancy rate averaged 81% and did not vary significantly among years (Table 2 ; x29 = 12.9, P = 0.12). Laying rate was the most variable reproductive component we measured (x29 = 70.4, P < O.OOl), ranging from 33% in 1994 to 90% in 1989 (Table 2) . Success rate also varied significantly (x29 = 18.1, P < 0.01) from a low of 42% in 1994 to a high of 88% in 1996 (Table  2) . Annual mean brood size averaged 1.43 fledglings per successful pair (Table 2 ) and varied significantly among years (F9,232 = 1.98, P < 0.05). Population productivity ranged from 0.16 to 1.16 fledglings per territorial pair (Fig. 1B) .
REPRODUCTIVE CHARACTERISTICS OF MIGRATORY GOLDEN EAGLES 119
Annual indices of abundance for snowshoe hare and Willow Ptarmigan were highly correlated in our study ( Fig. 1A ; R2 = 0.94, II = 10 years, P < 0.001). The number of hares observed per day annually ranged from 0.7 to 7.1. The number of Ptarmigan observed per day annually ranged from 3 to 2 1. Abundance of both species was lowest in 1994.
Occupancy rate and success rate were not affected by prey abundance ( Fig. 2A and 2C ; occupancy: G2, = 2.8, P = 0.1; success: c;2, = 3.1, P = 0.08). Laying rate and mean brood size were affected by the abundance of cyclic prey ( Fig. 2B and 2D (Fig. 2B and 2D) . Because of the significant positive relationships for both laying rate and mean brood size, population productivity also was affected significantly by prey abundance (Fig. 2D; 
DISCUSSION
During this study we examined the influence of natural changes in snowshoe hare and Willow Ptarmigan abundance on Golden Eagle reproduction. Our results suggest that reproductive success of migratory Golden Eagles in interior Alaska is influenced by fluctuating numbers of prey available to eagles early in the nesting season. We could explain nearly 90% of the variation in Golden Eagle productivity with changes we noted in the abundance of snowshoe hares and Willow Ptarmigan.
We noted large changes in the abundance of snowshoe hare and Willow Ptarmigan and synchrony in the peak and declines of these species during this study. Similar synchrony in hare and ptarmigan was recorded at Kluane Lake, Yukon, . 1995) . Population peaks gles in Denali during our study. Laying rate varand lows of hares in Denali and Kluane occurred ied widely compared to other components of reduring the same years, suggesting that these prey production and was most closely related to species fluctuate in synchrony over a large geo-abundance of snowshoe hares and Willow Ptargraphic area. migan. Laying rates were lowest when the hare Laying rate was the most important factor in-population was at its lowest level. Laying rate fluencing population productivity of Golden Ea-also was the most important reproductive param- Golden Eagles show great dietary plasticity (Watson 1997 Golden Eagles in northern study areas had smaller broods and produced fewer fledglings overall than eagles in temperate areas. Although our analyses were limited by small and unbalanced sample sizes, these data suggest that productivity of migratory Golden Eagles is lower than non-migratory eagles in western North America. We hypothesize that lower productivity in migratory eagles arises from a combination of energetic costs associated with migration, severe climatic conditions, and limited alternate prey on the breeding grounds. Northern breeding Golden Eagles commonly migrate > 3,000 km from wintering grounds to breeding grounds prior to nesting (Brodeur et al. 1996 , McIntyre, unpubl. data). Although Golden Eagles can move quickly and economically over long distances, migration is energetically demanding (Wood et al. 1998) and may entail energetic costs reflected in reduced productivity. Costs of migration might be most pronounced in years when prey abundance in nesting areas is low. Additionally, Golden Eagles in many northern breeding areas begin egg laying when mean daily temperatures remain well below 0°C (Poole and Bromley 1988, McIntyre 1995). Severe climatic conditions may exacerbate effects of decreased prey availability on Golden Eagle productivity (Steenhof et al. 1997 ). Finally, many northern breeding populations of Golden Eagles have few alternate prey to buffer effects of low snowshoe hare and Willow Ptarmigan abundance during cyclic lows. The lack of alternate prey may affect laying in years when cyclic prey species are low and may subsequently reduce overall productivity of northern breeding populations.
